The microstructures and impact properties of the heat affected zone (HAZ) in steel treated by rare earth (RE) under different welding processes were discussed. The effect of Al on the impact properties of the HAZ in RE treated steel was analyzed. It finds that when the welding t 8/5 is smaller than 111 s, the main microstructure in steels is bainite/widmanstatten. The impact toughness of the HAZ is lower than that of the steel matrix. When t 8/5 is more than 250 s, the microstructure is mainly acicular ferrite (AF) in the steel treated by RE, and the impact toughness of HAZ is obviously improved. Even under the welding processing with t 8/5 about 600 s in RE treated steel can still obtain a lot of AF. While in the steel killed by Al and treated by RE, the main microstructure is parallel cluster of bainite/widmanstatten, and the impact toughness of HAZ is significantly lower than that of lowAl RE treated steel. Al can deteriorate the optimizing of RE treatment on HAZ.
Introduction
During the welding, the heat affected zone (HAZ) experienced a terrible thermal process, which is very different from ordinary heat treatment [1, 2] . The microstructure and grain of the HAZ can be obviously roughened after the welding process, especially in the process of large heat input welding [3] . Acicular ferrite (AF) nucleated on tiny dispersed nonmetallic inclusion within the austenite grain can optimize the microstructure of the HAZ to a large extent [4, 5] . The laths of AF have a chaotic nature which can result in retardation for crack propagation in steel. It can meliorate the toughness of HAZ obviously without reducing the strength. Therefore, the steel toughness increases with the increasing of AF [6] [7] [8] .
It is well-known that rare earth (RE) inclusion can promote the formation of AF in the HAZ, which is very beneficial to the toughness of the steel [9, 10] . However, the application and research about the AF have been widely carried out in the field of the steel containing Ti, Mg and Zr, etc. An appropriate deoxidation of molten steel is often required before the addition of RE [11] . Aluminum is one of the most frequently used deoxidizing elements in steelmaking. However, there is little research on the effect of aluminum deoxidation on the formation of AF in the steel treated by RE. In order to determine the effect of aluminum deoxidation on the microstructure of the HAZ after the welding process in the steel treated by RE, the impact property and microstructure of welding HAZ in different C-Mn steels under different welding processes were studied. The present study has a great reference meaning for RE application in the welding process.
Experimental
About 25 kg raw materials were melted in a vacuum induction furnace. The contents of C, Si, Mn, P, S, Al and RE in the molten steel were adjusted when the raw materials melted completely. After insulated for some time at 1600°C, the melt was cast into a steel mold and cooled to room temperature by air. Then the obtained ingots were held for 90 min at 1200°C to make the composition homogenized. After that the ingots were forged into rods, size of Ø15 mm. The forging process started at 1200°C and finished when the temperature decreased to 900°C. The rods were air-cooled from 900°C to room temperature after the forging. Table 1 Samples were picked up from the forged rods. They were mechanically ground and polished to make the standard metallographic samples. Scanning electron microscope (SEM) and energy dispersive spectrometer were used to investigate the morphology and composition of the inclusions in three steels. After that samples were etched for a few seconds in 4 vol% nital to observe the microstructures in steels using an optical microscope (OM).
Samples are processed into size of 10.5 mm × 10.5 mm × 70 mm. Then they were used to implement the thermal cycles, which happened in the HAZ of the steel plate under different welding processes, using a Gleeble 1500D thermal simulator. The detailed experimental welding thermal cycle parameters are obtained by the two dimensional Rykalin mathematical model to simulate the thermal cycle process of plates with 15 mm thickness [2, 12] . The specimens were heated to 1350°C at 100°C/s, and then held for 1 s. The cooling times from 800°C to 500°C (t 8/5 ) were 28 s, 111 s, 250 s and 445 s, to simulate the different welding heat inputs. The welding thermal cycle curves are shown in Figure 1 .
After the simulated welding processes, specimens were machined into size of 10 mm × 10 mm × 55 mm for the standard Charpy "V" notch test, and then subjected to impact tests at room temperature on a drop weight impact tester (JB-30B series).
The metallographic observation and "V" notch for Charpy test of HAZ were fixed near the monitoring thermocouple in order to reduce the error resulting from uneven cooling rate, relatively.
Results and discussions Microstructures
The forged microstructures in the matrix of three steels are fine granular ferrite and dispersed pearlite. There is little difference among the three steels. The main microstructure is granular ferrite and a small amount of pearlite. And the pearlite is dotted in granular ferrites, as shown in Figure 2 . The size of granular ferrite in three steels is very small.
The influence of welding t 8/5 on the microstructure of HAZ in three steels is shown in Figure 3 . When t 8/5 is 28 s, the difference of the microstructures in the HAZ of three steels is little. The main microstructure is bainite/widmanstatten (B/W) as shown in Figure 3 
Inclusion
Composition, size and quantity of the inclusions have an important influence on the formation of AF [13, 14] . The morphology and composition of the typical inclusions in three steels are obtained using the SEM and energy disperse spectrometer, as shown in Figure 4 . The nucleation site of ferrite includes grain boundary and intragranular inclusions. The amount of inclusion and the ability of the inclusion to induce the nucleation of ferrite directly affect the number of the final content of AF nucleated within the austenite grain. To find out the quantity and size distribution of inclusions in three steels, the samples were mechanically ground and polished to take 60 photos randomly by an OM with a magnification of × 1000. The inclusion quantity and size distributions were analyzed in three steels statistically using the image processing software Image J (Image J 4.7v, Wayne Rasband, National Institutes of Health, USA.). The statistical result shows that the difference of the number densities of inclusion is not very much between steel No.2 and No.3, about 203 and 210 per square millimeter, respectively. The inclusion size distribution is shown in Figure 6 . It can be found that the mean size of inclusion changed from 2.97 μm to 2.75 μm after 0.021 mass% RE added. And the number percent of inclusion smaller than 2 μm increased distinctly. When the molten is killed by Al and treated by RE in steel No.3, the mean size of the inclusions in the steel is further reduced to 2.43 μm. The number percentage of the inclusions smaller than 1 μm increased, and the percentage of inclusions greater than 7 μm was further reduced compared to that of steel No.2. In general Al deoxidization has a great influence on the size of inclusions in RE treated steel. The size of effective inclusion which can induce the nucleation of AF are mainly 1~4 μm, which has been widely recognized [17] . From Figure 6 it can be easily found that the number percent of inclusion size of 1~4 μm in steel No.3 is less than that in steel No.2, which is adverted to the formation of AF. 
The impact toughness
The impact toughness of HAZ is a weak control link of the toughness of large welded steel structures. Optimizing the microstructure is one of the most effective methods to improve the impact toughness of the HAZ [18] . It is well-known that widmanstatten and bainite can provide preferential crack-propagation path within a grain, since the widmanstatten and bainite have parallel-like plate structure [19] . Therefore, the impact toughness of steel decreased with the increase of these microstructures. Alternatively, the AF laths nucleate on some inclusions within the grain [20] . The AF laths have a chaotic orientation, which can result in retardation for crack propagation in steel [21] . Thus, the steel impact toughness increases with the increase of AF. Figure 7 shows the Charpy impact absorbed energy of the HAZs in three steels. It can be seen that in the steel matrix the absorbed energy (A kv ) increased from 193.2 J to 218.2 J after the addition of RE. While for the steel killed by aluminum, the effect of RE on the impact toughness of the steel matrix is not obvious. In welding HAZ, the absorbed energy of steels first decreased then increased as the increase of welding When the welding t 8/5 is 28 s and 111 s, the main microstructure of the steels is bainite/widmanstatten, which decreases the impact toughness of HAZ significantly. However, when t 8/5 increases to 250 s and 445 s, the impact toughness of HAZ in two steels are enlarged as the appearance of AF and the decrease of bainite/widmanstatten. When t 8/5 is long ( > 250 s), especially when t 8/5 is 445 s, the impact toughness of HAZ in steel No.2 is greater than that of the steel No.1 and No.3. This is attributed to the fact that there is more AF in the HAZ of steel No.2.
From above, it can be seen that RE treatment can improved the performance of the welding HAZ via optimizing the microstructure. Further increased the t 8/5 to 600 s, there is still a large number of AF formed in the HAZ, as shown in Figure 8 . The microstructure of HAZ can be still optimized. It can deduce that RE has a great ability to improved the welding performance of steel.
The formation of AF
The high resolution micrograph of the nucleation of AF on the surface of typical effective inclusion in RE treated steel No.2 is shown in Figure 9 . It can be seen that the effective inclusion which can induce the formation of AF is the complex inclusion of RE 2 O 2 S and MnS.
From Figure 5 it can be found that MnS is precipitated in the austenite temperature range. When there are some high melting point fine inclusion particles in the austenitic grain, MnS can precipitate around the particle easily. The diffusion coefficient of Mn atom in austenite is shown in Figure 10 . Mn atom has a relatively larger diffusion coefficient within the formation temperature range of MnS. During the continuous cooling process of welding, Mn atomic diffusion ability and diffusion time are not sufficient, which results in the content reduction of Mn atoms near the inclusion [6] . Moreover, the Mn atoms far from the inclusion cannot spread quickly enough to homogenize the concentration of Mn atoms during the continuous cooling process. It can generate a Mn depletion zone adjacent to the inclusion in base metal. This can explain the formation of AF in the welding HAZ of steel No.2 and No.3. But why is there no AF in steel No.1 and the number of AF in steel No.2 is more than that in steel No.3? This is related to the crystal orientation between α-Fe and the inclusions in three experimental steels [10, 22] . According to the two phases' grain orientation relationship under the heterogeneous nucleation process, Bramfitt proposed the principle of two-dimensional misfit [23] . The lack of a large number of effective inclusions is the reason for the low content of AF in steel No.3. The calculation result is consistent well with the as-cast microstructure results found in three specimens, correspondingly.
Apart from the nucleus variation between steel No.2 and No.3, dissolved Al element can decrease the austenite region and increase the A 3 temperature, which can raise the transition temperature of γ→α. It is good for the nucleation of GBF and bainite/widmanstatten. This is not conducive to the formation of AF in the HAZ of the Alkilled steel treated by RE.
Conclusions
In this paper, the influences of welding t 8/5 on the microstructure and property of the HAZ in the steel treated by RE were discussed. The change of inclusion in steel with different composition was analyzed. The conclusions are as follows: is 111 s, the HAZ has the worst impact toughness at room temperature. When t 8/5 increase to 445 s, the impact toughness of the HAZ in RE treated steel is more or less the same with that of the steel matrix without RE treatment. (4) RE treatment has a great influence on the microstructure of the HAZ in C-Mn steel. After the RE treatment, the HAZ can obtain a lot of AF even under the higher welding t 8/5 as long as 600 s in C-Mn steel. Al deoxidation is not conducive to obtain AF in the HAZ of the steel treated by RE. 
